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Available online xxxxChina is a leading country in the production of several minor cereals such as foxtail millet,
Job's tears, naked oat, and naked barley. Sorghum and proso millet have also contributed
greatly to Chinese agriculture. Foxtail millet, sorghum, barley, and proso millet were widely
grown as major crops 60 years ago, and the reduction in their cultivation area reflects
historical changes in Chinese agriculture over the past decades. Systematic germplasm
collections from the 1950s to the 1990s gatheredmore than 66,690 accessions of theseminor
cereals, and for some of them, the Chinese germplasm collections are the largest in the
world; for example, the 27,700 accessions of foxtail millet. Germplasm evaluations of each
cereal species have focusedmainly on drought tolerance, nutritional quality, and resistance
to their main diseases. Comparisons among lines and selection of those with desirable
traits were the main breeding methods for minor cereals in the 1950s and 1960s, but these
methods were replaced by crossbreeding in the 1970s. Newly developed cultivars have
greatly changed the production situation, and many super cultivars have become
milestones in crop breeding history. In this review, we describe the distribution and
ecoregions, origin and domestication, and landmark varieties of several minor cereals
in China. Nearly all of the minor cereals are drought-tolerant and fertilizer-efficient.
The requirements for environmentally friendly crops and a more diverse food supply for
humans and animals provide new opportunities to cultivate minor cereals in the drier and
warmer environmental conditions that are predicted in the future.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).Keywords:
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Breeding1. Introduction
Minor cereals including foxtail millet (Setaria italica [L.] Beauv.),
sorghum (Sorghum bicolor [L.] Moench), oat (Avena sativa L.),
barley (Hordeum vulgare L.), common millet (Panicum miliaceum
L.), and Job's tears (Coix lachryma-jobi L.) have contributed
greatly to Chinese agriculture. These minor cereals are
cultivated in an area of 2.688 million ha and produce a
grain yield of 7.575 million tons annually (Fig. 1). Barley
and Job's tears are grown throughout China, whereas foxtail
millet, common millet, and sorghum are grown in dryland
agricultural systems in arid and semiarid regions of northern
China. Oat is grown in cold-climate highland regions inScience Society of China a
er the CC BY-NC-ND lice
ion and genetic improvemnorthern and western China (Fig. 1). All of these cereals have
a long history of cultivation in China, whether they were
domesticated in China or introduced in ancient times. Foxtail
millet, sorghum, and barley were all major cereals 100 and
even 50 years ago in China. The reduction in their culti-
vation area reflects the changes in the agricultural history of
cropping systems in China over the past 100 years. Those
minor cereals are environmentally friendly crops, and are
much more resistant to abiotic stresses than are major crops
such as maize (Zea mays L.), wheat (Triticum aestivum L.), and
rice (Oryza sativa L.). Excessive consumption of water and
chemical fertilizers has resulted in serious environmental
problems in Chinese agriculture, and growingnd Institute of Crop Science, CAAS.
nse (http://creativecommons.org/licenses/by-nc-nd/4.0/).
ent ofminor cereals in China, The Crop Journal (2016), http://
Fig. 1 – Current geographical distribution of minor cereals in China.
2 T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X Xenvironmentally friendly minor cereals may be a solution to
these problems. Also, there is a rapidly growing global market
for diverse and healthy foods, andmost of thoseminor cereals
are recognized as healthy foods. Although these cereals have
had a long history of cultivation in China, research on them
has been conducted for only about 50 to 60 years. In this
review, we present a global view of the origins, germplasm
management, breeding, and cultivation of theseminor cereals
and discuss future perspectives. Although barnyard millet
(Echinochloa crus-galli [L.] Beauv.), kodo millet (Paspalum
scrobiculatum L.), and rye (Secale cereale L.) were also cultivated
in China at various times during history, they will not be
discussed in this paper because of their limited cultivation
today.2. Foxtail millet
The domestication of foxtail millet from green foxtail (Setaria
viridis [L.] Beauv.) dates back to 16,000 years before present (BP),
based on evidence of stone processing tools at an archeological
site in Xiachuan [1,2]. Carbonized kernels of domesticated
foxtail millet were confirmed to date to 10,000 years BP [3].
Foxtailmillet kernels are commonly foundat archeological sites
dating to 7500 BP. From that time, the crop served as the first
staple food in northern China for thousands of years untilPlease cite this article as: X. Diao, Production and genetic improvem
dx.doi.org/10.1016/j.cj.2016.06.004the introduction of maize and sweet potato 400 years ago.
Foxtail millet spread into different parts of Eurasia as early as
5000 years ago and contributed greatly to the development of
human civilization [4]. The cultivation area of foxtail millet in
China in 1949 was 9.207 × 106 ha and the total grain production
was 7.797 × 106 tons. Because of its low grain yield potential
and other marketing factors, the cultivation area of foxtail
millet had decreased to 0.718 × 106 ha in 2014 with a total grain
yield of 1.809 × 106 tons (Fig. 2).
Foxtail millet research in China began in the 1940s. This
research identified green foxtail as the wild ancestor of foxtail
millet [5]. A nationwide germplasm collection of foxtail millet
in China began in the mid-1950s and about 16,000 accessions
of foxtail millet were collected until 1958. In the 1970s and
1980s, 11,673 accessions of foxtail millet were collected and
assigned identification numbers. Most of these accessions are
listed in three books: “List of Chinese Foxtail Millet Varieties”
(issues 1, 2, and 3). At the end of 2012, 27,059 accessions of
foxtail millet were housed in the National Crop Genebank of
China, and seven issues of “List of Chinese Foxtail Millet
Varieties” had been produced. The Chinese collection is a
nationwide collection covering all the ecoregionswhere foxtail
millet is grown in China. Most of the accessions collected
before 2000 were landraces, but some improved cultivars were
added to the National Crop Genebank of China after 2000.
The number of accessions in the National Crop Genebank ofent ofminor cereals in China, The Crop Journal (2016), http://
02000
4000
6000
8000
10000
12000
14000
Year
Area harvested(kha) Yield(kg/ha) Production(kt)
Fig. 2 – Cultivation area, yield, and production of foxtail millet in China, 1949–2014.
(Source: FAOSTAT Database, http://faostat3.fao.org/download/Q/QC/E).
3T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X XChina continues to grow. In the 1980s and 1990s, a large-scale
germplasm evaluation focusing on drought tolerance identi-
fied drought-resistant varieties [6]. Many nutritional factors
and other aspects of the foxtail millet germplasm were also
evaluated in subsequent years.
Modern breeding of foxtail millet began with simple grain
yield comparisons among landraces in the 1950s and 1960s.
Hybridization-based pedigree selection became popular in the
1970s and remains the main breeding method in many
Chinese institutes today. Other methods, such as radiation-
and chemical-induced mutations, have also been used to
produce new cultivars or breeding materials. In the early
1980s, there were tangible improvements in foxtail millet with
the development of the supercultivars Yugu 1 and Zhaogu 1,
which showed greatly improved grain yield and food quality.
About 870 cultivars were released since 1950 in China and
Table 1 lists the leading cultivars at different stages over the
past 60 years [7]. Research using heterosis for foxtail millet
began in the 1960s with the development of male sterile lines
by various approaches. A cytoplasmic male sterile (CMS) line
was developed by distant hybridization of S. verticillata with
foxtail millet [8], but it was not used in hybrid seed production
for unknown reasons. A partial male sterile line of Suanxi 28
was developed from a spontaneous mutant from the landrace
Suanpibai, leading to a new hybrid seed production system.
In this system, the male sterile line reproduced itself with a
3–5% seed setting rate by self-fertilization. Hybrid seeds were
produced by hybridizing partial male sterile lines with a
restorer line [9]. Because the male sterile line self-pollinated,
some male sterile plants were present in the hybrid seed
pools. These male sterile individuals were easily removed
based on morphological characteristics (yellow seedlings) in
field trials in the 1970s to 1990s. The development of herbicide-
resistant foxtail millet cultivars in the new century has made
the use of foxtail millet heterosis a reality by use of herbicide-Please cite this article as: X. Diao, Production and genetic improvem
dx.doi.org/10.1016/j.cj.2016.06.004resistant varieties as the restorer line. In this system, false
hybrid seeds can be easily removed from the hybrid seed pool
[10]. As well as progress on foxtail millet breeding, Chinese
researchers have made progress in theoretical research on
the inheritance of important morphological characters, water
use, growth physiology, and cultivation technology. The prog-
ress and achievements of these research projects have been
summarized in several books, including “The production and
cultivation of foxtailmillet inChina”, “Principles of foxtailmillet
genetics and breeding”, and “Foxtail millet breeding” [11–13].
Because of its small diploid genome (470 Mb), prolific seed
set, manageably small stature, and short growth period,
foxtail millet and its wild ancestor green foxtail are becoming
model species for functional genomics research on grasses,
especially C4-type [14,15]. Elucidation of population structure
based on both simple sequence repeat (SSR) and single-
nucleotide polymorphism (SNP) markers clearly indicated
that the global foxtail millet germplasm can be classified
into spring-sown and summer-sown types, which are corre-
lated with their geographical distribution, and that its genetic
diversity is quite similar to that of rice [16,17]. After the release
of the reference genome of foxtail millet [18], a foxtail millet
haplotype map was constructed based on 0.85 million SNPs
identified from sequences of 916 varieties from around the
world, and 512 quantitative trait loci (QTL) were identified in
five environments [17]. An ethyl methane sulfonate-induced
mutation library was constructed and several important
genes were isolated and functionally elucidated [14]. The first
International Setaria Genetics Conference (ISGC) was held in
Beijing in 2014, strongly promoting Setaria as a model. Since
then, both foxtail millet and green foxtail have received
increasing interest from researchers worldwide.ent ofminor cereals in China, The Crop Journal (2016), http://
Table 1 – Leading cultivars of foxtail millet from the 1950s to the present. (FromCheng and Dong [7] with somemodification).
Cultivar Cross Year of release Areas of adaptation
Xinnong 724 Mihuanggu reselection 1955 Henan, Hebei, Shandong
Moligu Jiansuijinmiaohuang reselection 1958 Hebei, Beijing, Shanxi
Hualian 1 Huaidehualiangu reselection 1959 Jilin
Angu 18 Daqingmiao reselection 1965 Heilongjiang
Lugu 2 60 days Huancang reselection 1971 Shandong
Jingu 1 Baimujizui reselection 1973 Shanxi
Zhaogu 1 Shuangguayin reselection 1977 Inner Mongolia, Liaoning
Baisha 971 Baishagu reselection 1978 Jilin
Jigu 6 Japan 60 days × Xinnong 724 1982 Hebei, Henan, Shandong
Yugu 1 Japan 60 days × Tulong 1983 Henan, Hebei, Shandong
Longgu 25 Harbin 5 × Longgu 23 1986 Heilongjiang
Yugu 2 An 30 × Xiaoliugen 1989 Henan, Hebei, Shandong
Jingu 21 Jinfen 52 mutation 1991 Shanxi, Shaanxi, Inner Mongolia
Lugu 10 Yugu 1 × 5019–5 1995 Shandong, Hebei
Jigu 14 Lusuigu mutation 1996 Hebei, Henan, Shandong
Gufeng 2 95,307 × 8337 2002 Hebei, Henan, Shandong
Jigu 19 Ai88 × Qingfenggu 2004 Hebei, Henan, Shandong
Yugu 18 Yugu 1 × Bao 282 2012 Henan, Hebei, Shandong, Liaoning, Xinjiang, Beijing
4 T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X X3. Sorghum
Archeological evidence indicates that China has a long (at
least 4000 to 5000 years) history of sorghum cultivation and
that sorghum has played an important role in the food supply,
especially in arid and semiarid regions. The cultivation area of
sorghum peaked in 1918 at 14.7 million ha with a total grain
production of 16 million tons. The sorghum growing area
began to decline in the 1920s, and reached 9.4 million ha with
a total grain production of 13.9 million tons in 1929. In 1952,
the cultivation area was 9.4 million ha with a total grain
production of 11.1 million tons. In the 1950s and 1960s, maize
and other high-yield crops developed quickly, resulting in
rapid decreases in the cultivation areas of sorghum, foxtail
millet, and common millet. The cultivation area of sorghum
continued to decrease to 4.3, 2.5, 2.4, and 1.9 million ha in
1976, 1984, 1989, and 1996, respectively, and was as low as
590,000 ha in 2014 (Fig. 3). Although sorghum can be used as
food, feed, and as a construction material, it was used mainly
for human food before the 1980s. Today, the majority of
Chinese-produced sorghum is used to produce liquor and
vinegar, and only a very small proportion is used for human
food. Recently, China has imported large amounts of tannin-
free sorghum from America and other countries for use as
animal feed, because the Chinese varieties have a high tannin
content that is required for liquor flavor.
Differently from foxtail millet and commonmillet, sorghum
is widely distributed in China, but mostly in northern and
southwestern China and rarely in southeastern China. The
top 10 provinces for sorghum cultivation are Inner Mongolia,
Liaoning, Jilin, Heilongjiang, Sichuan, Shanxi, Guizhou, Hebei,
Gansu, and Shaanxi (Fig. 1). Together, these provinces account
for more than 90% of the national sorghum cultivation area.
According to environmental conditions and sorghum ecotypes,
the Chinese sorghum cultivation regions can be classified into
four production zones; the spring-sown early maturing zone
in northeast China, the spring-sown late-maturing zone in
north andnorthwest China, the spring-sownand summer-sownPlease cite this article as: X. Diao, Production and genetic improvem
dx.doi.org/10.1016/j.cj.2016.06.004zone in northern central China, and the southern zone covering
southern central China and the entire area of southern China
[19].
Sorghum research in China has focused on its origin and
evolution, germplasm management, and breeding. Sorghum
accessions from China (“kaoliang” in Chinese) have distinct
characteristics from those of African and Indian origin.
Kaoliang plants have a strong aerial root system, weak
tillering, and a long internode stalk that is suitable for
weaving. The stem of kaoliang is filled with medulla tissue
and lacks water when mature, and the main vein of the leaf is
white. The panicles of Chinese kaoliang are not prone to
shattering and kernels are easily threshed when mature.
Chinese sorghum has strong cold resistance and good
seedling vigor, but poor disease and pest resistance [19].
Based on the unique gene pool of Chinese sorghum, Vavilov
[20] proposed that kaoliang originated in China. The word
for sorghum occurs frequently in documents from the Xian
Qin period (4100–4221 BP), suggesting that ancient Liang
millet was today's sorghum. Archeological relics of sorghum
are the most important and direct evidence for its origin.
Since 1935, sorghum grains have been found at several New
Stone Age sites and sites dated to the West Han dynasty
(2270 years BP) in northern China, including Shanxi, Shaanxi,
Hebei, Henan, and Jiangsu provinces. Based on this evidence,
Hu [21] claimed that sorghum is an ancient crop of China,
rather than a relatively recent introduction. The existence
of wild sorghums such as Sorghum propinquum (Kunth)
Hitchc. and S. nitidum (Vahl) Pers. in northern, southern,
and southwestern China provided further evidence for the
Chinese origin of kaoliang [22,23]. In addition to the inde-
pendent origin of Chinese kaoliang, another widely accepted
theory is that it was introduced from Africa. Based on the
confused historical records of sorghum before the 12th
century, both Hagerty [24] and Martin [25] concluded that
sorghum was introduced from Africa into India and subse-
quently spread across southern Asia, reaching China in the
13th century, and then developed into the unique Chinese
gene pool of kaoliang.ent ofminor cereals in China, The Crop Journal (2016), http://
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Fig. 3 – Cultivation area, yield, and production of sorghum in China, 1961–2014.
(Source: FAOSTAT database, http://faostat3.fao.org/download/Q/QC/E).
5T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X XThere have been three large-scale sorghum landrace
collections, organized by the CAAS in 1951, 1956, and the
1980s, respectively. These collections assembled 10,414 ac-
cessions of sorghum landraces, which are kept in the National
Crop Genebank of China and are listed in two issues of the
Chinese Sorghum Resource Catalogue [19]. The largest (30,277
accessions) sorghum collection is held at ICRISAT, but China
holds the second largest sorghum germplasm in the world
and is considered as the secondary center of diversity. In the
1980s and 1990s, several different large-scale germplasm
evaluations were performed in different institutes in China,
focusing on drought tolerance [26], salt tolerance [27], downy
mildew resistance [28], head smut resistance [29], and corn
borer resistance [30].
Modern sorghum breeding in China started in the 1920s
with selection among landraces at Jinling University in
Nanjing and other institutes, and some 510 cultivars have
been released since the 1950s. Combined with germplasm
collections in the 1950s, selection and line comparisons
resulted in the development of several varieties in the 1950s
and 1960s, such as Yuejin 4 and Xiongyue 191 by the Xiongyue
Institute of Agricultural Sciences and Kangya 2 by Shandong
Agricultural Institute. Crossbreeding began in the late 1950s
and early 1960s and resulted in the development of Liaoliang
119 and other varieties. Hybrid breeding started in 1956 when
the CMS line TX3197A and the maintainer TX3197B were
introduced into China. After comparison of different hybrid
lines produced with TX3197A in 1957, two series of sorghum
hybrid cultivars were released in 1958: the Yiza series and
the Yuanza series. These hybrids had many advantages,
including a 20–60% greater grain yield than their parents.
However, the use of the Yiza and Yuanza series in sorghum
production was limited by their long growth period and their
susceptibility to lodging. The real breakthrough in hybrid
sorghum development was achieved in the early 1970s using
the Chinese local cultivar Sanchisan as the restorer line for
TX3197A, resulting in the production of Jinza 5, with a grainPlease cite this article as: X. Diao, Production and genetic improvem
dx.doi.org/10.1016/j.cj.2016.06.004yield potential of 6000 kg ha−1. Jinza and other similar hybrids
such as Xinza were widely cultivated in the mid-1970s, and
contributed to Chinese food security at that time. Although
Jinza had a high grain yield, it also had a high tannin content,
which conferred an unpleasant taste. This weakness led to a
rapid decline in its cultivation area after the 1970s. In the late
1970s and 1980s, many sorghum hybrids with high yield, good
quality, and low tannin content were developed and released,
such as Jinza 1, Tieza 1, and Shenza 3. During this time, China
introduced thousands of sorghum cultivars and lines from
America, India (ICRISAT), and Australia, such as TX622A
and TX623A, and different types of CMS lines, which greatly
diversified the Chinese sorghum germplasm. Crossing those
lines with Chinese local lines resulted in the development of
many new cultivars and breeding lines such Shenza 5, Tieza 7,
and Siza 25 [19]. Although a few forage varieties and hybrids
such as Jincao 1 were developed in China, their use was
limited for a variety of complex reasons. In the first decade of
this century, a few sweet sorghum varieties and hybrids were
developed in China for biofuel production, but their industri-
alization has not been successful to date. Breeding of sorghum
for forage and biofuel is still in its infancy.
Sorghum genome sequencing-based molecular breeding
technology has developed quickly in recent years, especially
in the U.S. However, there have been relatively few molecular
and biotechnology-related studies on sorghum in China. To
date, few papers have been published on SSR map construc-
tion and SSR-based genotype identification [31,32].4. Barley
Barley grains have been found only very rarely at Chinese
Neolithic sites. Barley was introduced into China from west
Asia, where it was first domesticated [33]. However, barley
kernels at the Xishanping archeological site in northwestern
China carbon-dated to 4650 BP provide evidence that thereent ofminor cereals in China, The Crop Journal (2016), http://
6 T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X Xhas been a long history of barley cultivation in China. Another
theory is that Chinese barley was domesticated separately
from west Asia in the third and second millennia BC, given
that wild barley (Hordeum spontaneum Koch.) is widely distrib-
uted in Tibet, Yunnan, and Sichuan, where both hulled and
naked barley forms occur [34,35]. A recent study of diversity
usingmolecular markers also provided evidence for a possible
independent origin of Tibetan naked barley [36].
Compared with othermajor cereals, barley is more tolerant
to cold, drought, salinity, and sterile soil, and it is grown in all
provinces of China. There are two kinds of cultivated barley in
China: hulled barley, which is grown in low-altitude regions,
and naked barley, which is grown in the high-altitude cold-
climate region of the Qingzang Highland. The main uses of
barley in China are for feed, malting, and food, depending
on the region. From 1914 to 1918, the barley cultivation area
in China was about 8.0 million ha (with a grain production
of 9.0 million tons), which represented 23.6% of the world's
barley cultivation area at that time. China remained the
leading barley-producing country until the 1950s, when the
increasing demand for maize and wheat to feed the rapidly
growing Chinese population led to a gradual decline in the
barley cultivation area. There has also been a rapid increase
in barley imports since the 1990s for the malting industry,
because of the superior malting quality of imported barley.
At present, the barley cultivation area is approximately
1.6 million ha, with a grain yield of 5.8 million tons annually
(Fig. 4). The Chinese barley cultivation regions can be
classified into three geographical regions and 12 subregions
according to sowing time, ecotypes, and environmental
conditions [37]. These include the naked barley region in the
Qinghai–Tibetan highlands, the spring barley region in north-
east China, and the winter barley region in the Yellow and
Huai River regions of central China. Currently, the provinces
with the largest barley cultivation areas are Inner Mongolia,
Jiangsu, Tibet, Yunnan,Gansu,Hubei, Sichuan,Qinghai, Xinjiang,
Heilongjiang, and Henan (Fig. 1).0
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(Source: FAOSTAT Database, http://faost
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dx.doi.org/10.1016/j.cj.2016.06.004A total of 16,188 barley germplasm accessions, collected
from the 1950s to the 1990s, are housed in the National Crop
Genebank of China. Among those accessions, 9837 are local
landraces and cultivars, 6351 are from foreign countries, and
6026 are naked types [38]. Most naked accessions come from
the Qingzang Highlands and they are useful resources for
resistance to cold, drought, and other abiotic stresses. Most of
the 2000 two-rowed accessions are from themiddle and upper
Yangtze River regions, more than 1300 six-rowed accessions
were collected from the winter barley region in the Yellow
and Huai river valleys, and 620 multi-rowed and long-awned
entries were collected from the Yungui Highlands. The foreign
accessions came from 46 countries including the United States,
Canada, Denmark, the former USSR, and CIMMYT and ICARDA
[38]. Large-scale evaluations of the barley germplasm in the
1980s and 1990s focused on drought tolerance, waterlogging
tolerance, and resistance to diseases such as barley yellow
mosaic virus and Fusarium head blight. The protein, fatty
acids, starch, and lysine contents of 9840 accessions were also
evaluated. Accessions identified as having special charac-
teristics have contributed greatly to Chinese barley breeding
programs.
Before the 1950s, all barley cultivars were landraces that
were prone to lodging and showed a low yield potential of
approximately 1500 kg ha−1. However, most landraces were
well adapted to their corresponding environments, with
special characteristics such as early maturity, large vegetative
mass, and tolerance to abiotic stresses. Selection breeding in
the 1950s and 1960s led to the development of cultivars
with high yield, good quality, disease resistance, and wide
adaptability. Such cultivars included Heisileng in Sichuan,
Jianglingsanyuehuang in Hubei, Funingshidamai in Jiangsu,
Bailiuleng in Shanghai, and Bailangsan in Qinghai. Cross-
breeding from the 1960s to the 1980s led to the release of
many cultivars from different institutes covering diverse
ecoregions. These cultivars included Zhenong 12 in Zhejiang,
Ximala in Tibet, and Ganzi 809 in Sichuan. In the 1980s, ther
ield(kg/ha) Production(kt)
uction of barley in China, 1961–2014.
at3.fao.org/download/Q/QC/E).
ent ofminor cereals in China, The Crop Journal (2016), http://
7T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X Xtwo-row type was used as a source of desirable traits for
malting and Fusarium head blight resistance. Most of the
cultivars developed from then on were two-row types with
good quality with high malt extracts. In the present century,
crossbreeding has led to the development of several new
cultivars such as Ganpi 4 in Gansu and Inner Mongolia,
Kenpimai 7 in Heilongjiang, Supi 4 in Jiangsu and Hubei, Zhepi
33 in Zhejiang, Yunpi 2 in Yunnan, and Mengpimai 1 in Inner
Mongolia [38].
Introduced cultivars have also contributed greatly to
Chinese barley production. The Japanese variety Zaoshu 3,
which was introduced in 1966, had high yield potential
and broad adaptability to nearly all of the Chinese barley
ecoregions. In 1977, the cultivation area of Zaoshu 3 reached
0.9 million ha, the largest planting area of all barley cultivars
in China. The cultivation area of the multi-row, naked barley
variety Aiganqi (from Sweden) reached 0.33 million ha in the
late 1970s. Aiganqi had a short stem and lodging resistance,
high yield potential, and early maturation. Many cultivars
were introduced from abroad to meet the increasing demand
for malting barley production in the 1980s, such as Favavit
from Hungary to Gansu in 1984, Conquest from Canada to
Heilongjiang in 1982, Xiyin 2 from Japan to Shaanxi, and V24
from Mexico to Sichuan. The leading cultivars at different
periods over the past 50 years are shown in Table 2.
In recent decades, Chinese scientists have used heterosis
and biotechnology tools to improve barley varieties [39,40].
The quality requirements differ according to the end purpose;
that is, malting, human food, or animal feed. Accordingly,
specialized breeding programs to produce varieties suitable
for each purpose are currently under way.5. Oat
Two types of oat are grown in China; naked oat (Avena nuda
L.), which is claimed to be of Chinese origin and has beenTable 2 – Leading barley cultivars in China from the 1950s to th
Cultivar Cross Type Ye
Zhenong 12 Zhenongguangmangerleng/Beinongda 18 Two-row
Zaoshu 3 Guandongertiao 3 Two-row
Ximala 8 Handiziqingke/Ximala 1 Six-row
Humai 4 Zheza 12/Zaoshu 3 Two-row
Yanfuaizao 3 Zaoshu 3 60Coγ Two-row
Xiyin 2 Qianjianmai Six-row
Zhepi 1 73–142/Zaori 19 Two-row
V 24 From Mexico Six-row
Shan 2 Nasu Nijo/Kinugutaka Two-row
Zhepi 4 Humai 8/Zhepi 1 Two-row
Kenpimai 2 Robust/Azure Six-row
Ganpi 3 S-3/Fawaweit Two-row
Kenpimai 3 86–1/Gimple Two-row
Supi 3 Kinuyu Taka/Kanto Nijo 25//Hu 94-043 Two-row
Zhudamai 3 Zhu 8909/TG4 Two-row
Zangqing 25 815,078/Qinghai1 039 Six-row
Ganpi 4 Fawaweit/Banong 862659 Two-row
Kenpimai 7 Ant90–2/Hong92–25 Two-row
Zhepi 33 (Gang 2/Xiumai 3//Xiumai 3)/Gang 2 Two-row
Yunpi 2 Aoxuan 3/S500 Two-row
Mengpimai 1 Bowman/91Dong 27//91G318 Two-row
Please cite this article as: X. Diao, Production and genetic improvem
dx.doi.org/10.1016/j.cj.2016.06.004historically grown as food and feed in China [41], and hulled
oat (A. sativa L.), which was introduced into China in recent
years and is used mostly for feed and forage [42]. Approxi-
mately 90% of the total oat growing area is allocated to naked
oat, which has large kernels, a high seed setting rate, strong
drought resistance, and tolerance to infertile soils. There is a
long history of oat cultivation in China. The cultivation area
was approximately 1.5 million ha annually in the 1950s and
1960s, but has decreased to approximately 0.7 million ha
with 0.8 million tons of grain production annually since the
1970s. Oat is mainly grown in dry and cool regions in
northern, northwestern, and southwestern China (Fig. 1).
The oat-growing area can be divided into the northern China
spring oats region and the southern China facultative oats
region according to environmental conditions and oat eco-
types. Inner Mongolia has the largest oat cultivation area,
accounting for 37% of the total oat cultivation area in China,
followed by Hebei with approximately 21%, Gansu with 18%,
and Shanxi with 15%. In China, the grain yields of oat range
from 500 to 2200 kg ha−1 according to the growing conditions.
Because it is usually grown in dry and infertile regions, oat
often has a low grain yield. However, it may reach 3000 to
3750 kg ha−1, or even 4500 kg ha−1, when it is grown in well-
managed, irrigated conditions [42]. The highest grain yield
reported to date was 6075 kg ha−1 [43].
Research on improving oat in China includes germplasm
resource management, breeding, and new biotechnology
applications. There are approximately 30 institutes or organi-
zations engaged in oat research, mostly in northern China.
The oat germplasm collection was initiated in the 1950s and
the “Catalogue of Chinese Oat Germplasm Resources” was
first published in 1983. The Institute of Crop Germplasm
Resources (ICGR, CAAS) listed 1492 oat accessions in 1983,
and another 1484 accessions were added to the national
genebank over the next 30 years. Today 3488 oat accessions
are conserved in China, of which about 1700 are naked oats,
1500 are hulled oats, and 50 are oat-related wild species.e present [38].
ar of release Area of adaptation
1963 Zhejiang
1966 Zhejiang, Jiangsu, Hubei, Shanghai, Fujian
1977 Tibet
1979 Shanghai, Zhejiang, Jiangsu, Hubei, Sichuan, Hunan
1979 Jiangsu, Fujian, Jilin, Shanxi
1980 Kuan-chung Plain
1982 Zhejiang
1986 Sichuan, Yunnan
1992 Jiangsu
1996 Zhejiang
1996 Heilongjiang
1997 Gansu, Inner Mongolia
1999 Heilongjiang, Inner Mongolia
2001 Jiangsu, Hubei
2001 Henan
2001 Tibet
2002 Gansu, Inner Mongolia
2004 Heilongjiang, Inner Mongolia
2006 Zhejiang
2006 Yunnan
2008 Inner Mongolia
ent ofminor cereals in China, The Crop Journal (2016), http://
8 T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X XGermplasm evaluations were performed in the 1980s and
1990s and identified 105drought-tolerant, 128 lodging-resistant,
606 aphid-resistant, and 57 red leaf virus-resistant accessions.
The identification of these accessions has contributed greatly
to oat breeding in China [44].
Oat breeding in China can be divided into several stages:
line comparisons in the 1950s and 1960s, introduction of
foreign varieties in the 1970s and 1980s, intervarietal crosses
in the 1960s and 1970s, and interspecific crosses and the
application of new technology in the present century [43].
Oat breeding programs began in the 1950s and 1960s with
landrace comparisons, and Huabei 1 and Huabei 2 were
selected because their grain yields were 10%–30% higher than
those of other varieties. Intervarietal hybridization-based
pedigree selection has been popular since the mid-1960s
and has contributed greatly to the development of new oat
cultivars in recent decades. After hulled oat was introduced
from other countries, interspecific crosses between naked oat
and hulled oat became popular in the 1980s, resulting in
new cultivars of naked oat with a shorter, thicker stem and
improved lodging resistance. One such cultivar was Yong 492,
which showed a 10%–20% increase in grain yield. Hybridization
between A. sativa and A. nuda produced cultivars with other
favorable agronomic traits. Such cultivars included Tiegandali
(with a 1000-grain weight of 35 g, about 15 g higher than those
of local landraces) and Neiyou 2, with a short growing period of
65–75 days. In the last three decades, taller varieties with high
forage productivity such as Neicaoyou 1 and Neiqingyou 323
have contributed greatly to the development of animal
husbandry [42]. The most popular oat cultivars currently used
in China are listed in Table 3.
Oats are considered as a priority health food for people
with high blood pressure, high blood fat levels, and diabetes.
With the development of new and larger markets for oats,
breeders are interested in developing good-quality cultivars
with large kernels to meet the requirements for oat-flake
processing and high protein content. Lines with protein
contents higher than 18% have been developed by distant
hybridization between naked oat and the species A. magna
Murphy et Terrel. Several naked oat varieties with 1000-grain
weights higher than 30 g have been developed for flake
processing, such as Mengyan 7306 (1000-grain weight of 32 g),
which was developed by the Inner Mongolia Academy of
Agricultural Sciences [42]. In recent years, increased grain
β-glucan content has been a focus of oat breeding, and
varieties such as Bayou 1 and Baiyan 2 have been released byTable 3 – Leading oat cultivars currently used in China.
Cultivar Cross Year of release
Baiyan 2 Pedigree selection from introduced line 2003
Bayou 1 Pedigree selection from cross of
Jizhangyou 4/8061-14-1
2001
Bayou 3 Jizhangyou 2/8818-30 2004
Huzao 2 Distant cross between Jizhangyou2/hulled
barley Mapiya
2001
Yanke 1 Distant cross between 8115 and 1-2/Jian 17 2002
Jinyan 1 Cross between species 292/Hebo 1990
Dingyou 8 8626-2/Newzilan oat 2011
Baiyan 7 Line selection 2003
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dx.doi.org/10.1016/j.cj.2016.06.004the Zhangjiakou Academy of Agricultural Sciences in Hebei
province and the Baicheng Academy of Agricultural Sciences
in Jilin province, respectively. At the same time, varieties with
green stems and leaves at maturity have been developed for
both food and forage. Currently, oat breeding programs inChina
are focusing on producing high-quality, high-yielding, drought-
tolerant varieties with various growth periods for cultivation in
diverse climatic conditions in different ecoregions. Another
important focus is to develop varieties with high grain quality
and high forage production for livestock feed.
The genetic diversity and phylogenetic relationships among
21 oat genotypes were analyzed using random amplified
polymorphic DNA (RAPD) markers, and the results verified the
classification of those accessions obtained by a conventional
method [45]. In another study that used amplified fragment
length polymorphism (AFLP) markers to evaluate the genetic
diversity of the Chinese oat germplasm, accessions from Inner
Mongolia and Shanxi were found to be the most diverse [41].
Molecular markers are also being used to map useful genes. A
linkage map constructed with 112 restriction fragment length
polymorphism (RFLP) loci identified three horizontal resistance
QTL for crown rust (PRQ1, PRQ2, and PRQ3) [46]. Zhang et al.
[47] selected calli and oat variants showing salt resistance, and
hybrids between tetraploid and hexaploid oats were rescued by
tissue culture to achieve successful distant hybridization [48].
The rapid advances in biotechnology are expected to accelerate
oat breeding.6. Proso millet
Proso millet (Fig. 5), also known as common millet or
broomcorn millet, appears to be the cereal with the longest
history of cultivation in China, according to archeological
evidence from northern China [49]. Proso millet appears to
have been domesticated from Panicum ruderale (Kitag.) in
northern China or nearby territories of east Asia. The earliest
cultivation of proso millet, around 8000 BC, was in semiarid
regions along the margins of the Loess Plateau and the
hilly flanks of the Inner Mongolian Plateau [49]. It appears
that proso millet was the first staple cereal food of ancient
people in northern China during the early Neolithic period.
Proso millet was cultivated significantly earlier than foxtail
millet, based on evidence at archeological sites at Cishan
(8300–6700 BP), Niuyingzi and Beichengzi (before 6500 BP),
and Xinglonggou (6200–5200 BP) [50]. After foxtail millet wasArea of adaptation
Heilongjiang, Jilin, Inner Mongolia
Shanxi, Hebei, Gansu
Oat growing area in Inner Mongolia, Hebei, Shanxi, Gansu
Northern Hebei, Inner Mongolia, Datong of Shanxi, Dinxi of Gansu
Northern Hebei, Inner Mongolia, Datong of Shanxi, Dinxi of Gansu
Inner Mongolia, Northern Hebei, Datong of Shanxi
Middle part of Inner Mongolia, northern part of Hebei, Shanxi
Dingxi of Gansu, Northern Shanxi
Qinghai and Gansu for forage
ent ofminor cereals in China, The Crop Journal (2016), http://
Fig. 5 – Proso millet field in Chaoyang, Liaoning province, where foxtail millet and proso millet are major crops.
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took over as the main cereal from about 6500 BP [51]. Foxtail
millet's popularity may have been due to its higher grain yield
and more agreeable flavor than proso millet.
Proso millet is cultivated worldwide, but mostly in Asia
and eastern Europe. Proso millet was once a large crop
in northern China, but is now grown only on hilly and
marginal land. The average cultivation area in China is
about 0.32 million ha, with a total grain production of about
0.3 million tons. Proso millet is tolerant to drought and sterile
soil, and is grown mainly in northern China. The cultivation
area can be classified into three ecological regions: the
northern China spring-sown region, the northeast China
spring-sown region, and the Loess Plateau spring- and
summer-sown region (Fig. 1). There are two kinds of proso
millet; waxy and non-waxy. The waxy type is distributed
mostly in the northern China spring-sown region and the
northeast China spring-sown region, including northern Hebei,
Liaoning, Jilin, Heilongjiang, and eastern Inner Mongolia.
The non-waxy type is cultivated mainly in the Loess Plateau
spring- and summer-sown region in Gansu, Shaanxi, Ningxia,
and western Inner Mongolia [52].
Research on proso millet in China includes germplasm
management and breeding. Landrace collection of proso
millet began in the 1960s, and 8900 accessions are now
housed in the National Crop Genebank of China. Of these,
8016 accessions have been evaluated for various characteris-
tics [53–55]. Large-scale evaluation of proso millet identified
11 accessions highly resistant to panicle smut, nine acces-
sions highly resistant to drought, and 34 highly salt-tolerant
accessions [54–56]. Accessions with high protein and high
fatty acid contents were also identified from a germplasm
evaluation [57]. Based on their geographical origins and their
performance in the evaluations described above, 750 proso
millet accessions were selected to form a core collection [58],Please cite this article as: X. Diao, Production and genetic improvem
dx.doi.org/10.1016/j.cj.2016.06.004and their morphology and genetic diversity were evaluated by
field studies and SSR marker analyses [59,60].
Only a few institutes focus on proso millet breeding in
China, because it is a relatively minor crop. These institutes
include the Institute of Crops at Gansu Academy of Agricul-
tural Science, Guyuan Institute of Agricultural Sciences in
Ningxia, Institute of High Land Crops at the Shanxi Agricul-
tural Sciences Academy, and other institutes in northern
China. The main methods of proso millet breeding are line
selection and cross-based pedigree selection. Hybridization
between different varieties of proso millet is difficult because
it self-pollinates and produces small spikelets, and so far
there is no efficient method of emasculating this crop plant.
Consequently, only a few cultivars have been developed by
crossbreeding and progress in proso millet breeding is rather
slow. In the past 15 years, about 30 newly developed cultivars
have been registered and released at the national level,
including Neimi 5, Ningmi 9, Longmi 4, Ningmi 10, Longshu
16, Jinshu 4, and others. Neimi 5 is a special variety for
processing fried millet kernels, a traditional Mongolian food,
Ningmi 8 has a short growth period, and Jinshu 4 has higher
grain yield potential and fine food quality. An estimated
162 cultivars have been released since the 1950s, and the
most popular proso millet cultivars currently used in China
are listed in Table 4.7. Job's tears
Job's tears belongs to the Tripsaceae in the grass family
Gramineae. It has a long cultivation history as both a food
and a traditional Chinesemedicine. Job's tears is grownmainly
in southeast Asian countries including China, Vietnam, Laos,
Japan, and Korea. It is widely distributed in China, covering
nearly all Chinese provinces except for Qinghai and Tibet, butent ofminor cereals in China, The Crop Journal (2016), http://
Table 4 – Leading proso millet cultivars currently used in China.
Cultivar Cross or breeding method Year of release Area of adaptation
Yumi 2 Pedigree selection from landrace 1990s Yulin city of Northern Shaanxi
Ningmi 14 Pedigree selection from cross between gugutou/62–02 2006 Ningxia, Inner Mongolia
Longmi 10 Pedigree selection from cross between Yi87–1/8115–3-2 2012 Gansu, Ningxia
Neimi 5 Pedigree selection from cross between
Yixuandahongmi/neimi3
1991 West of Inner Mongolia, Ningxia
Jinshu 8 Pedigree selection from cross between34-22/24-3 2010 Datong, Shuozhou and Xinzhou in Shanxi,
East Inner Mongolia, and Zhangjiakou in Hebei
Longshu 23 Pedigree selection from cross between breeding lines 1989 Heilongjiang
10 T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X Xit is grown mainly in Guizhou, Yunnan, Guangxi, and Fujian.
There is no official figure for the cultivation area of Job's tears,
but it is estimated to be about 73,000 ha with a grain yield
of 0.22 million tons. Guizhou is the largest producer of Job's
tears in China, with a cultivation area of 32,000 ha and a
specialized production industry. The production, processing,
and marketing of Job's tears are growing rapidly in Guizhou,
especially Xingyi in southwest Guizhou (Fig. 1).
Job's tears is a half-domesticated crop that shows a degree
of seed shattering and other wild characteristics. The wild
type of Job's tears, Coix agrestis Lour., (Chuangu in Chinese),
is distributed in many southeastern Asian countries and
southern Chinese provinces including Sichuan, Guangxi, and
Yunnan [61]. There are no reports on the origin of domesti-
cated Job's tears. Archeological research has shown that
it was grown 6000 years ago by the Hemudu Culture in
the Yangtze River region of Anhui province [62]. The only
systematic germplasm collection of Job's tears was conducted
in 1981 in China, when 250 accessions of landrace and wild
types were collected from 17 provinces [63]. A germplasm
evaluation of 102 representative accessions in 1992 and 1993
in Beijing and Nanning found great diversity among the
collection. Based on growth period and other characteristics,
the Chinese Job's tears germplasm was classified into
three ecotypes: the southern China late-maturation type, the
middle and low Yangtze River region medium-maturation
type, and the northern China early maturation type [63]. The
varieties grown commercially are mostly landraces with an
average grain yield of about 3.21 t ha−1, although their yield
potential could be as high as 6.32 t ha−1. Because of the small
cultivation area of Job's tears, only a few institutes in Guizhou
and Yunnan Provinces have breeding programs for this crop.
The main strategies used in breeding Job's tears are pedigreeTable 5 – Summary of statistical data for minor cereals in China
Source: Harvest area, unit grain yield production, and total gra
oat are from the FAOStat database: http://faostat3.fao.org/down
total grain production in 2014 of prosomillet and Job's tears are
of Agricultural Sciences, Ningxia, China) and Prof. Long Sheng
China) respectively.
Species Number of germplasm
accessions
Number of cultivars
released
Ha
Foxtail millet 27,059 870 0.7
Sorghum 10,414 517 0.5
Barley 16,188 – 0.4
Oat 3488 – 0.2
Proso millet 8900 162 0.3
Job's tears 250 No cultivars 0.0
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reports on crossbreeding and distant hybridization between
Job's tears and its wild type C. agrestis [64], only a few new
cultivars have been released.
There is a long history of the use of Job's tears as a tra-
ditional Chinese medicine, and most of its effects are known
from experience or gleaned from traditional records. Some
recent scientific studies have evaluated its effects on some
human diseases and identified its functional elements, as
summarized in Yang et al. [65] and Huang et al. [66]. Job's tears
in Chinese culture is gaining recognition as a healthy food,
and there is an increasing demand for healthier foods in
China at present. For this reason, there is a rapidly growing
market for Job's tears in China, and the cultivation area of this
crop has gradually increased over the past decades.8. Future perspectives
Table 5 summarizes the numbers of germplasm accessions
maintained, numbers of cultivars released since 1950s, har-
vest area, and grain yield in 2014 of these minor cereals in
China. The crops described in this review are considered
minor cereals because their cultivation area is much smaller
than those of rice, maize, and wheat on a national scale.
However, most of these “minor” cereals are major crops in
their production regions, such as foxtail millet and proso
millet in eastern InnerMongolia andwestern parts of Liaoning
and Jilin provinces, and naked barley in Tibet. It is likely
that certain regions will become special zones for specific
minor cereals in the future. The importance of minor cereals
is now being recognized, or re-recognized, because they are
drought-tolerant and water- and fertilizer-efficient, making.
in production in 2014 of foxtail millet, sorghum, barley and
load/Q/QC/E. Harvest area, unit grain yield production, and
from leading experts Prof. Cheng Bingwen (Guyuan Institute
wei (Qianxinan Institute of Agicultural Sciences, Guizhou,
rvest area
in 2014
Unit grain yield per ha
in 2014
Total grain production
in 2014
30 × 106 ha 2.438 t ha−1 1.780 × 106 t
90 × 106 ha 5.017 t ha−1 2.960 × 106 t
80 × 106 ha 3.554 t ha−1 1.706 × 106 t
00 × 106 ha 3.150 t ha−1 0.630 × 106 t
20 × 106 ha 3.100 t ha−1 0.300 × 106 t
70 × 106 ha 3.350 t ha−1 0.220 × 106 t
ent ofminor cereals in China, The Crop Journal (2016), http://
11T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X Xthemenvironmentally friendly crops. The consumption of oat,
Job's tears, and foxtail millet has increased rapidly in recent
years because they are widely considered healthy foods. There
is thus a promising future market for those cereals. Foxtail
millet, sorghum, and barley were historically large crops, and
have becomeminor crops only in the past 60 years. Among the
complex reasons for their dwindling cultivation area is their
relatively low grain yield potential and disagreeable taste.
Compared with rice, wheat, maize, and other major crops, the
minor crops received much lower scientific and academic
investment from the Chinese government before 2000. This
led to slower improvements in breeding programs and only
minor improvements in the grain yield potential of new
cultivars. Foxtailmillet, sorghum, barley, oat, and prosomillet,
but not Job's tears, are included in the project of the China
Agricultural Research System (CARS) issued by the Chinese
Ministry of Agriculture in 2008. This project provides long-term
stable funding for scientific research on minor cereals. Such a
concerted investment is predicted to lead to great breakthroughs
in yield potential, nutritional and flavor quality, water- and
fertilizer-use efficiency, and other important characteristics of
minor cereals in the near future.Acknowledgments
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